Introduction
The transforming ability of human T-cell leukemia virus type I (HTLV-I) has been largely attributed to the viral protein Tax (Tanaka et al., 1990; Grassmann et al., 1992; Grossman et al., 1995; Matsumoto et al., 1997) . Tax induces immortalization by two mechanisms. First, infected cells have been shown to constitutively express a number of early-response genes that are normally upregulated temporarily after antigenic or mitogenic stimulation of T cells, including egr-1, egr-2, c-fos, IL-2Ra, and cyclin D (Hollsberg, 1999) . Tax is able to transactivate many of these promoters (Ruben et al., 1988; Fujii et al., 1991; Santiago et al., 1999) by interacting with several well-known transcription factors such as CREB, NF-kB, and SRF (Yoshida, 2001) . Second, Tax modulates the activity of several wellknown cell cycle regulators primarily through proteinprotein interactions (Gatza et al., 2003) .
The Tax protein contains a number of structural and functional motifs , which mediate its localization within the infected host cell and result in a diverse array of cellular factors to be bound and regulated by Tax. Cdk4/-6 (in complex with cyclin D; Neuveut et al., 1998; Haller et al., 2002) , the 26S proteasome (Rousset et al., 1996; Hemelaar et al., 2001) , IkBa (Suzuki et al., 1995) , and p16/Ink4a have all been shown to associate with the Nterminal region of Tax, which contains two overlapping zinc-finger-binding motifs (aa 22-53; Semmes and Jeang, 1992 ) and a nuclear localization signal (aa 2-59; Gitlin et al., 1991) . In the case of the 26S proteasome and IkBa, these interactions with Tax serve to increase the activity of the NF-kB complex. This activation results from Tax acting as a viral chaperone or molecular bridge for IkBa degradation (Petropoulos and Hiscott, 1998) and p105 processing (Rousset et al., 1996) by the 26S proteasome. Likewise, the disruption of p16/Ink4a binding to cyclin D/cdk complexes via Tax and association of Tax with cyclin D/cdk complexes independent of p16/Ink4a status; Neuveut et al., 1998) increase cyclin D/cdk activity. Thus, Tax is able to regulate many important cellular factors involved in transcription, apoptosis, and cell cycle progression via physical interactions.
Concerted deregulation of key machineries in the G 1 phase of the cell cycle ensures continuous cellular progression via loss of checkpoint control and insensitivity to antimitogens (Blagosklonny and Pardee, 2002) . The ability of Tax to breach the restriction point in the G 1 phase, which is important for commitment to a new cell cycle, is a critical element in Tax-dependent immortalization. Cyclin/cdk-mediated hyperphosphorylation of the retinoblastoma (Rb) tumor suppressor protein and concomitant release and activation of the E2F family of transcription factors are considered significant facets of restriction point control in normal cells (Zetterberg et al., 1995) .
Rb is involved in a number of cellular processes, including cell division, differentiation, senescence, and apoptosis (Harbour and Dean, 2000) , and is regulated by post-translational modifications. In the hypophosphorylated form (active state), Rb is able to bind to and inhibit several unique proteins such as the E2F family of transcription factors (E2F1, E2F2, E2F3, and E2F4; Johnson and Schneider-Broussard, 1998), c-Abl (Welch and Wang, 1993) , and TFIIIB (Harbour and Dean, 2000) . Cyclin D/cdk4, -6 and cyclin E/cdk2 complexes positively regulate the cell cycle by phosphorylating Rb at several distinct consensus sites (Kitagawa et al., 1996) . Upon Rb phosphorylation, E2F is released from repression and initiates transcription of proliferative genes, such as cyclin A (Knudsen et al., 1999) , c-myc (Ishida et al., 1995; Salcedo et al., 1995) and dihydrofolate reductase (DHFR; Slansky et al., 1993) . Thus, the growth-suppressive role of Rb is tied to its repression of these cellular proteins, most notably E2F (Qin et al., 1992; Antelman et al., 1997) .
Mutational and epigenetic alterations of the Rb gene have been shown to occur in a variety of cancers. However, within virally induced cancers, the Rb protein is targeted by a number of viral proteins. Adenovirus E1A, simian virus 40 (SV40) T antigen, human papillomavirus (HPV) E7 (Chellappan et al., 1992) , and more recently the pp71 protein of human cytomegalovirus (HCMV) have been shown to abrogate Rb function through two pathways, displacement of E2F by binding to the B pocket domain on Rb (Chellappan et al., 1992) and degradation of active Rb molecules by the proteasome (Boyer et al., 1996; . The absence of Rb-dependent growth suppression, either at the gene or protein level, has been considered to play a significant role in the initiation of tumorigenesis.
Given that several important tumor suppressors, that is, p53 and p16/Ink4a, are inactivated and there is an abnormal increase in G 1 cyclin/cdk activity in HTLV-I infection (Gatza et al., 2003) , we decided to examine the status of Rb in infected cells. Western blot analysis revealed a decrease in Rb protein expression in infected cells and ex vivo adult T-Cell leukemia (ATL) patient samples. Previous reports have shown that very few ATL patients exhibited alterations within the Rb promoter or gene (Hangaishi et al., 1996; Hatta et al., 1997) , but decreased Rb protein expression was shown to occur in about half of the ATL samples examined (Hangaishi et al., 1996) . In agreement with these findings, we observed Rb RNA levels to be unaltered between infected and uninfected cells, suggesting that Rb expression was regulated at the protein level. In this report, we demonstrate for the first time that Tax binds to Rb in infected cells. We also show that decreased Rb levels are Tax-dependent and are due to protein degradation by the 26S proteasome in a mechanism similarly found in HPV-and HCMV-infected cells. We will discuss the functional consequences of Rb degradation in HTLV-I-infected cells and how this deregulation may contribute to ATL development.
Results

HTLV-I þ T cells contain diminished levels of active Rb protein
A number of components of the Rb/cdk/cyclin D/p16 tumor suppressor pathway are altered in HTLV-Iinfected cells, including cyclin D1-3, p21/waf1, p16/ Ink4a, and cdk4 (Gatza et al., 2003) . To better examine the role that HTLV-I tumorigenesis plays in disrupting this particular pathway and its contribution to the development of ATL, we examined the status of Rb in HTLV-I-infected cells. As shown in Figure 1a , Rb levels were significantly decreased in the HTLV-I-infected cell lines, C8166 (C81) and MT-2, as compared to uninfected CEM, Jurkat, and H9 cells. Additional HTLV-I þ cell lines, C91/PL ( Figure 1c , lane 2), HUT102, MT-4, and C10/MJ (data not shown), exhibited a similar decrease in Rb protein levels.
To determine whether the differences in Rb expression were due to regulation at the transcriptional level, Rb transcripts were examined. A multiprobe RNase protection assay (RPA) was performed utilizing the human tumor suppressor multiprobe template set, which contains probes for Rb, p107, E2F1, E2F2, E2F4, DP1, DP2, L32, and GAPDH. While there were slight differences between the expression pattern of E2F2 and E2F4 between infected and uninfected cells, there were no significant changes observed in the RNA levels of Rb when normalized against the internal controls L32 and GAPDH (Figure 1b ). These data indicate that Rb destabilization in these cells is not regulated at the transcriptional level, but rather at the post-transcriptional level.
We then examined Rb expression in uncultured (i.e. ex vivo) ATL patient samples to ensure that the decrease of Rb was not a by-product of culture conditions. The pattern of expression was consistent in ex vivo ATL peripheral blood mononuclear cells (PBMCs), PH961, PH888, and PH878, and Champ, an ATL-derived cell line that is interleukin-2 (IL-2) dependant, as shown in Figure 1c . Conversely, IL-2-dependent HTLV-II asymptomatic and HTLV-I HAM/TSP patient samples (Figure 1c , lanes 4 and 5, respectively) displayed moderate amounts of Rb. Similar amounts of Rb were expressed in control phytohemagglutinin (PHA)-and IL-2-stimulated uninfected PBMCs (data not shown). Therefore, the pattern of decreased Rb expression observed in cultured and ex vivo ATL patient samples was comparable with established HTLV-I-infected cell lines and independent of IL-2 status.
Due to the obvious differences in Rb status between HTLV-I þ and HTLV-I À T lymphocytes, we further examined whether there were marked differences within the elution profile of Rb. We performed size-exclusion chromatography on whole-cell lysates from C81 and CEM cells and isolated several distinct fractions for analysis. Rb was detected at two similar areas in the CEM and C81 elution profiles. However, the majority of Rb appeared to elute at the smaller molecular mass in a distinct profile reminiscent of what was observed in our unfractionated cell lysates (Figure 2a and b) . A higher level of Rb expression in uninfected cells was observed in comparison to infected cells, with the prominent band pertaining to the active form (hypophosphorylated) of Rb (Figure 2b, compare lanes 4, 6, 8, and 10 with 5, 7, 9, and 11, respectively) . Rb levels were decreased by more than 50% in C81 cells and the major form of Rb that was recovered from size-exclusion fractions (relative size of 150-210 kDa) was in the inactive (hyperphosphorylated) form (Figure 2c ). These results suggest that the hypophosphorylated form of Rb is selectively targeted within HTLV-I-transformed cells.
Decreased Rb levels are Tax-dependent
To determine whether Tax was directly responsible for the destabilization of the Rb protein, we performed a transient transfection assay. CEM cells were electroporated with an HTLV-I LTR reporter construct and a Tax expression vector. The HTLV-I reporter was used as a positive control for the functionality of the Tax protein in the transfected cells. After 48 h, cotransfected cells were harvested for Western blotting of Rb and CAT assays. Increasing amounts of Tax resulted in a 50% decrease of Rb expression in transfected cells (Figure 3a , compare lanes 1 and 2 with lane 4). Transfections performed with greater than 5 mg of the Tax expression vector did not further reduce the expression of Rb (data not shown). Transfected Tax was found to be functionally active as determined by the level of activation of the HTLV-I LTR CAT reporter construct, with a 2 to 98% increase in activity (Figure 3b) . Therefore, the decrease of Rb expression was shown to be Tax-dependent.
Rb associates with Tax
The viral oncoproteins adenovirus E1A, SV40 large T antigen, HPV E7 (Chellappan et al., 1992) , and HCMV pp71 have the ability to bind to Rb through a conserved LXCXE motif and inhibit its tumor suppressor activity. In particular, E7 (Boyer et al., 1996; Wang et al., 2001 ) and pp71 have been shown to target Rb to the 26S proteasome for degradation. Interestingly, this targeting resulted in a significant but not complete degradation of A 50 mg portion of RNA was used for hybridization with probes specific for Rb, p107, E2F1, E2F2, E2F4, DP1, DP2, L32, and GAPDH. Following RNA preparation, hybridization, and digestion with RNases A and T1, protected fragments were separated on an 8% urea-polyacrylamide gel, dried, and exposed to a PhosphorImager cassette. Lanes 2 and 3 are HTLV-I-infected (C81 and MT-2) cells and lanes 4 and 5 are uninfected (CEM and H9) T cells. Both L32 (cytoplasmic) and GAPDH (nuclear) RNA protections served as internal controls. (c) A 75 mg portion of total cellular protein was separated by SDS-PAGE on a 4-20% Tris-glycine gel, transferred, and blotted with anti-Rb polyclonal and anti-b-tubulin antibodies. The enhanced chemiluminescence method of detection was used. CEM (HTLV-I À ), C91/PL (HTLV-I þ ), and MT-2 (HTLV-I þ ) are cultured T cells that do not require IL-2 for growth, pyg220 is an HTLV-2 asymptomatic patient sample, Boul is a HAM/TSP patient sample, Champ is an ATL patient sample, and PH961, PH888, and PH878 are ex vivo ATL PBMCs Degradation of Rb by HTLV-I Tax K Kehn et al the Rb protein, suggesting that certain Rb populations may be protected, possibly due to post-translational modifications. Due to the similarities of Rb destabilization in HPV-and HCMV-infected cells compared with HTLV-I infection, we decided to determine if Tax could physically associate with Rb.
We utilized a TNT-coupled transcription and translation system to synthesize 35 S-labeled Tax and Rb for in vitro binding assays with GST fusion proteins. All GSTTax and GST-Rb protein amounts were normalized prior to binding to allow for quantitative comparison. GST-CBP (Bex et al., 1998) and GST alone were used as positive and negative controls, respectively. As shown in Figure 4a , we observed a distinct pattern of binding between the 35 S-labeled Tax and GST-Rb constructs. The greatest binding occurred with the full-length GSTRb and a truncated GST-Rb (1-792) that does not encompass the C-terminus, indicating that the Cterminus of Rb may not be necessary for Tax association ( Figure 4a , left panel, lanes 8 and 7). The level of binding was comparable to that demonstrated for the GST-CBP control (compare lanes 8 and 7 with lane 3). In addition, we observed that those GST constructs that contained the B pocket of Rb (full-length GST-Rb, , and GST-Rb B pocket) had the greatest binding as compared to the GST-Rb A pocket or GST alone (compare lanes 4, 7, and 8 with lanes 2 and 5). Because some background binding to GST alone was observed under TNE 150 þ 0.1% NP-40 wash conditions, the stringency of our washes was increased to TNE 600 þ 1% NP-40. Under these conditions, we still observed strong binding with full-length GST-Rb, GSTRb B pocket, and GST-Rb (1-792) ( Figure 4a , right panel) and GST-Rb 791-928 (data not shown). These results were similar to GST pulldown experiments performed with C81 whole-cell lysates, where the B pocket was needed for endogenous Tax to bind Rb (data not shown). However, the C-terminal portion alone also maintained binding to Tax ( Figure 4a , lane 6). A similar situation has been observed for cyclin D, where it binds to both the B pocket and the C-terminus of Rb (Pan et al., 2001) . These results indicate that Tax binds to Rb at two distinct areas, the B pocket and the C-terminus. E1A, T antigen, and E7 oncoproteins utilize the conserved LXCXE motif to interact with the B domain of Rb (Chellappan et al., 1992) . To identify the domain of Tax that binds Rb, we performed another in vitro binding assay using full-length Tax and various fragments covering the entire Tax protein fused to GST (Figure 4b ). GST alone was used as a negative control. We observed that 35 S-labeled Rb bound to the fulllength Tax construct but not to the GST protein ( Figure 4b , compare lane 7 with lane 8). The greatest binding was observed with the C-terminal portions of Tax (aa 245-336 and 245-353, lanes 3 and 4). The region covering aa 245-288 of Tax may be important since a slight decrease in Rb association was observed when this region was deleted, as shown in Figure 4b (compare lanes 2 and 3). Furthermore, a binding assay utilizing 35 S-labeled E7 and GST-Rb was performed as a positive control ( Figure 4c ). The results confirmed that our binding assays could detect E7 interacting with Rb. A summary of both Tax and Rb binding is shown in Figure 4d . Based on these data, the location of Rb interaction with Tax is in the C-terminus (aa 245-353) of Tax, given that the strongest binding was shown to occur with this region.
We further examined the region on Tax spanning aa 245-353 using the ClustalW program to analyze the homology between this region and other Rb-binding proteins containing the LXCXE motif. We discovered an LXCXE-like motif at aa 307-311 on Tax (Figure 5a ) that retains the leucine and glutamic acid residues of the LXCXE motif. In addition, we analyzed a PENF homology motif that was recently reported as an Rbbinding motif within PAI-2 (Darnell et al., 2003) . The PENF homology motif is located within the C-D interhelical region of PAI-2 and is 34 aa in length. As shown in Figure 5b , Tax also contains this motif within aa 277-308, which partially overlaps the 245-288 region that appears to be significant from our in vitro TNTbinding assays.
To address the binding specificity of Tax and Rb, we proceeded to subclone two Tax mutants, M41 and M44 (Smith and Greene, 1990) . Both M41 ( 287 HP -AS) and M44 ( 310 EE -AS) mutants contain nonsynonymous substitutions within the core region of the PENF homology motif and the LXCXE-like motif, respectively. These mutants were subcloned into the pCR3.1 vector that contains a T7 promoter for in vitro synthesis. We incubated in vitro TNT-synthesized wild-type and mutant Tax proteins with GST-Rb or GST alone. As shown in Figure 5d , we observed that the Tax-M44 (LXCXE À ) mutant had significantly reduced binding to full-length GST-Rb, as compared to wild-type Tax (lanes 4 and 5). Alternatively, the Tax-M41 (PENF À ) mutant maintained higher binding than Tax-M44 and thus resembled wild-type Tax (lanes 4 and 6). These results suggest that the PENF homology motif is dispensable while the LXCXE-like motif is required for Tax and Rb association. 2 and 4) . Collectively, these data indicate that the LXCXE-like motif is important for Rb degradation in vivo.
Tax-dependent proteasomal degradation of Rb HPV E7 and HCMV pp71 have been shown to target active Rb molecules to the proteasome for degradation (Boyer et al., 1996; . To investigate whether Tax utilizes a similar mechanism to decrease Rb protein levels, we first examined whether Rb could be degraded in vitro by the proteasome from Tax-expressing cells. By utilizing the HC3 antibody in their studies, Hemelaar et al. (2001) indicated that Tax associates with assembled proteasomes resulting in increased chymotryptic and tryptic activity. Proteasomes were immunoprecipitated from C81 cells utilizing an antibody directed against the a-subunit, HC3 (a2), which has been shown to comprise part of the outer a rings of the 20S proteolytic core (Adams, 2003) . When immunoprecipitated proteasomes were incubated in the presence of TNT-synthesized 35 S-labeled Rb, we observed complete degradation of Rb (Figure 6a , compare lane 3 with 4). Only the addition of the potent proteasome inhibitor, MG-132, was able to prevent proteasomal degradation of Rb, and not ALLN, a nonspecific inhibitor of the proteasome, nor DMSO (compare lane 5 with lanes 6 and 7).
Next, we examined whether Tax could directly influence Rb proteasomal degradation. GST pulldown assays were performed from CEM cells with either GST alone, GST-Tax, GST-Tax (151-353), or GST-Tax (1-244) to assemble a functional proteasomal assay in vitro. Previous reports have shown that Tax utilizes its Nterminus to bind the proteasome (Rousset et al., 1996; Hemelaar et al., 2001) . Thus, the GST-Tax (1-244) and ) were utilized to demonstrate that a three-way interaction between the 26S proteasome, Tax, and Rb was needed for Rb degradation. The complexes were then incubated with 35 S-Rb. As shown in Figure 6b , 35 S-Rb could only be degraded in the presence of GSTTax, not GST, , or GST Tax (1-244) (compare lane 3 with lanes 2, 4, and 5). Furthermore, the addition of MG-132, but not ALLN nor DMSO, could inhibit the degradation of Rb (Figure 6c , compare lane 7 with lanes 5 and 6). GST-Tax without CEM extracts was used as a negative control to indicate that the proteasome degradation of Rb was specific and not due to a contaminant from GST-Tax purified from Escherichia coli (Figure 6c, lane 8) . In addition, a control Western blot was performed showing that GSTTax, but not GST or GST-Tax (151-353), was able to bind to the proteasome (Figure 6d ). These results indicate that Tax binds to both Rb and the proteasome machinery, possibly promoting the proteasomal degradation of Rb in HTLV-I-infected cells.
Given the potency of the proteasome inhibitor MG-132 to rescue Rb degradation in our in vitro experiments, we next studied the in vivo consequence of proteasome inhibitor treatment. Proteasome inhibitors have been used extensively to deduce the biological role and importance of the proteasome pathway in cellular The PENF homology motif within Tax was compared to several Rb-binding proteins that contain the motif utilizing the ClustalW alignment. The highlighted residues were then altered for the PENF homology motif, Z(X4-5)J(X4)PZZJ(X6-7)Z(X8-9)JJ, utilizing the parameters described recently (Darnell et al., 2003) . In this motif, Z represents intermediate or large polar residues, J represents large hydrophobic residues, and X represents any amino acid, with up to four mismatches allowed. S-labeled wildtype and mutant Tax proteins were synthesized and incubated with either GST (5 mg) or GST-Rb (0.2 mg), as described in Materials and methods. Tax mutants, M41 ( 287 HP -AS) and M44 ( 310 EE -AS), target the PENF homology and LXCXE-like motifs, respectively. The next day, complexes were washed twice with TNE 800 þ 1% NP-40 for 5 min each and once with TNE 150 þ 0.1% NP-40 and TNE 50 þ 0.1% NP-40. Complexes were then separated by SDS-PAGE on a 4-20% Tris-glycine gel, dried, and exposed to a PhosphorImager cassette. (e) Jurkat cells were electroporated with pCMV-Tax (Tax WT; 10 mg), pBC12 Tax-M41 (10 mg), or pBC12 Tax-M44 (10 mg) and processed 48 h later for Western blotting. Protein extracts (100 mg) were separated by SDS-PAGE on a 4-20% Tris-glycine gel, transferred, and blotted with anti-Rb or anti-actin polyclonal antibodies Degradation of Rb by HTLV-I Tax K Kehn et al progression normally at a 10 mM concentration (Lenz, 2003) . Although experimentally the current IC 50 of most protease inhibitors is on average 10 mM (Meriin et al., 1998; Hemelaar et al., 2001; Chen and Lin, 2004; Wang et al., 2004) , we decided to perform a titration of three peptide inhibitors in both infected and uninfected cells. HTLV-I-infected and uninfected cells were treated with 0.1, 1.0, and 10 mM of various inhibitors (ALLN, PSI, and MG-132). We observed no cytotoxicity with ALLN in either cell type at these concentrations. However, (1 mm), ALLN (1 mm), and DMSO (1 ml) were added to the appropriate samples before incubation. Incubations were carried out for 1 h at 371C. Samples were separated by SDS-PAGE on a 4-20% Tris-glycine gel, dried, and exposed to a PhosphorImager cassette for analysis. (b) GST pulldowns utilizing GST (5 mg), GST-Tax 151-353 (1 mg), GST-Tax 1-244 (1 mg), and GST-Tax (1 mg) were performed using CEM protein extracts. Isolated complexes were incubated with 35 S-labeled Rb overnight at 371C. (c) GST pulldowns utilizing GST-Tax (1 mg) or GST-Tax 151-353 (1 mg) were performed using CEM protein extracts. Complexes were washed and 35 S-labeled Rb ( 35 S-Rb), MG132 (1 mm), ALLN (1 mm), and DMSO (1 ml) were added to the appropriate samples before incubation overnight at 371C. A negative control of GST-Tax not subjected to pulldown assays was used (lane 8). indicating that Rb levels may be regulated to a small degree normally by the 26S proteasome. Collectively, these results support our hypothesis that destabilization of the Rb protein within HTLV-1-infected cells is mediated by proteasomal degradation.
Prolonged exposure to MG-132 induces apoptosis in HTLV-I-infected cells
The effect of the proteasome inhibitors was then examined at further time points after treatment to determine whether Rb levels were only transiently increased. Rb, Tax, and actin levels were examined by Western blotting at 48 h. After treatment with MG-132, Rb levels were significantly decreased and Tax was undetectable, while actin expression remained constant ( Figure 7b , lane 3). When this inhibitor was examined in another HTLV-I-infected cell line, MT-2, a similar pattern was observed (data not shown). The decrease in Tax expression within these IL-2-independent cells indicated that they might be undergoing the initial stages of apoptosis. Indeed, Western blotting for poly(ADP-ribose) polymerase (PARP) cleavage, a common indicator of apoptosis, revealed that apoptosis occurred within infected cells treated with MG-132 as early as 48 h (Figure 7c , lane 7), while uninfected cells did not display such a phenotype (Figure 7c , right panel). Rb, Tax, and actin levels were also examined 96 h after treatment. Importantly, the calpain inhibitor ALLN revealed little difference in Rb and Tax levels in C81 cells as compared to untreated cells (Figure 7d , lanes 1 and 2). These results are analogous to the uninfected control CEM cells in that Rb was not altered (compare lanes 4 and 5). However, treatment with MG-132 in C81 cells resulted in a complete ablation of Rb and Tax expression at 96 h, which was accompanied by the loss of actin (lane 3). When this inhibitor was examined in another HTLV-I-infected cell line, MT-2, a similar pattern was observed (data not shown). MG-132, however, had no effect on Rb expression in CEM cells (Figure 7d, lane 6) . These results suggest that the loss of Rb and Tax in infected cells upon prolonged proteasome inhibitor treatment was due to apoptosis, as PARP cleavage (a common early indicator of apoptosis) was observed at 48 h and the loss of actin expression was detected at 96 h. Thus, after prolonged exposure to 
Discussion
Two mechanisms targeting the Rb/cdk/cyclin D/p16 tumor suppressor pathway have previously been discovered. The first is the alteration of G 1 /S cyclin/cdk activity. Suzuki et al. (1996) found that Tax can associate with p16/Ink4a through ankyrin motifs on p16/Ink4a and disrupt the inhibition of cyclin D/cdk4 complex. Further studies have supported this initial observation by demonstrating that cell cycle arrest in late G 1 , induced by the overexpression of p16/Ink4a, is relieved by Tax (Low et al., 1997; Suzuki and Yoshida, 1997) . This may be significant based on the fact that HTLV-1-infected T cells have higher levels of p16/Ink4a expressed than uninfected T cells (data not shown; Akagi et al., 1996) . In a second mechanism, Tax increases the expression of cyclin D2 resulting in its aberrant association with cdk2, in addition to cdk4 and cdk6 (Suzuki and Yoshida, 1997) . Furthermore, Tax increases the expression of p21/waf1 (de la Fuente et al., 2000) , which binds to and aids in stabilizing the cyclin D2/cdk4 complex (Kehn et al., 2004) . Lastly, Tax associates directly with cyclin D3/cdk4 and cyclin D2/ cdk4 complexes (Haller et al., 2002) , regardless of p16/ Ink4a status and enhances the kinase activity of cdk4 in these cells (Neuveut et al., 1998; Li et al., 2003) . Consequently, the modulation of p16/Ink4a and cyclin D/cdk4 activity by Tax results in the shortening of the G 1 phase and loss of checkpoint control.
In this study, we report a third mechanism in which Tax dysregulates this pathway, through the binding and targeting of Rb to the proteasome for degradation. We have demonstrated that in HTLV-I-infected cells, the active form of Rb was decreased. This decrease in Rb was at the post-transcriptional level, as Rb RNA levels remained constant between infected and uninfected T cells. The decrease of Rb protein levels has previously been observed in adult T-cell leukemia and lymphoma (ATLL) patients, in that five out of 10 ATLL patients had undetectable levels of Rb protein (Hangaishi et al., 1996) . However, to date, only a small number of ATLL cases exhibited alterations of the Rb gene (Hangaishi et al., 1996; Hatta et al., 1997) , suggesting an alternative mechanism for the low Rb protein levels.
Importantly, the observed decrease in Rb protein levels in HTLV-I-infected cells was Tax-dependent as shown through transient transfection of Tax into CEM cells and our in vitro degradation assays. In comparison, previously published results demonstrated Tax expression resulting in increased expression of the hyperphosphorylated form of Rb (Neuveut et al., 1998; Schmitt et al., 1998; Iwanaga et al., 2001) . Our results do not directly conflict with these reports, since we also observed a predominantly hyperphosphorylated Rb within HTLV-I-infected cells (Figures 1a and 2b ). Differing cell model systems and synchronization of cells prior to Tax expression might explain the slight discrepancy between our observations (loss of hypophosphorylated form of Rb) and these earlier reports. Schmitt et al. (1998) and Neuveut et al. (1998) In this case, it is expected that Tax expression would result in an increase in Rb phosphorylation, since Tax stimulates these cells to reenter the cell cycle. However, the cells utilized for our transient transfection were not synchronized. These results suggest that the differential effects of Tax expression on Rb protein levels may be cell cycledependent, that is, promotion of cdk/cyclin kinase activity in mid-to late-G 1 results in hyperphosphorylated Rb, while during other stages of the cell cycle (G 0 and/or early G 1 ) hypophosphorylated Rb is targeted for degradation.
This hypothesis is further supported by Tax differentially associating with cdk4 and the HC3 subunit of the 26S proteasome depending on the phase of cell cycle. When immunoprecipitating either cdk4 or the HC3 subunit of the 26S proteasome from C81 cells synchronised at G 0 /early G 1 , mid-G 1 , early S, or mid-S phase, we observed Tax to be predominantly associated with the 26S proteasome at G 0 /early G 1 (data not shown). Cdk4 was bound to Tax at mid-G 1 to mid-S phase with peak association occurring at mid-G 1 , which would support the role of the cdk4/cyclin D complexes promoting Rb phosphorylation to bypass the G 1 /S restriction point (Haller et al., 2002) . Tax association with the 26S proteasome may help to increase the transition from mitosis to G 1 , since Rb has been shown to become dephosphorylated when cells are exiting G 2 /M and entering early G 1 (Buchkovich et al., 1989; Lee et al., 1998) . Likewise, in a report by Sage et al. (2003) , acute loss of Rb in primary quiescent cells was sufficient to stimulate cell cycle re-entry. Lastly, the loss of hypophosphorylated Rb may contribute to other pathways, such as RNA polymerase III-dependent transcription, which is regulated by Rb and increased in HTLV-I-infected lymphocytes (Gottesfeld et al., 1996; Scott et al., 2001) . Therefore, Tax association with cdk4 versus the 26S proteasome appears to promote the depletion of active Rb, which is neither competitive nor redundant, since these mechanisms appear to be cell cycle-dependent.
We hypothesize that a decrease of Rb protein levels by Tax is an early event in HTLV-I tumorigenesis. This would be consistent with HPV E7 and E6 transgenic mouse models, where E7 was demonstrated to be a strong promoter of tumorigenesis, while E6 contributes to the progression of benign tumors to malignancy (Song et al., 2000) . Since Tax expression is often low in ATL patient samples (Matsuoka, 2003) , it is thought that Tax promotes and sustains transformation, while additional alterations are needed for ATL tumorigenicity (Yamaoka et al., 1992; Grossman and Ratner, 1996; Uchiyama, 1997) . Both low and high Rb levels in ATL patients have been correlated with poor prognosis (Nakayama et al., 2000) , possibly due to Rb controlling both cell cycle progression and apoptosis (Harbour and Dean, 2000) . If there is too much Rb in the cell or if Rb is in the hypophosphorylated (active) form, transcription factors such as E2F will not be available to prime cells for apoptosis, as has been previously suggested (Nahle et al., 2002) . The ability of these cells to evade apoptosis may contribute to the poor prognosis seen in ATL patients containing high Rb levels, as well as in patients with adenocarcinoma of the pancreas where Rb levels are increased (Plath et al., 2002) . Conversely, if there is a decrease in Rb expression or mainly the hyperphosphorylated (inactive) form, deregulation of cell growth can occur through the activation of E2F-responsive genes. Indeed, in HTLV-I-infected cell lines, the hyperphosphorylated form is predominant, as shown by our size-exclusion chromatography and Western blot analysis. In addition, it has been shown that E2F activity is greatly enhanced in infected cells and leukemic cells from ATL patients (Mori, 1997; Ohtani et al., 2000) . Therefore, in HTLV-I-infected cells, altered Rb expression may provide a growth advantage.
We demonstrate for the first time the ability of Tax to bind to Rb directly and that this interaction was necessary for degradation of Rb in vitro. The areas of interaction on Rb are the B pocket as well as the Cterminus, as shown through our in vitro binding analysis. These results are in agreement with previously published reports showing that cellular and oncogenic viral proteins interact with Rb through its B pocket (Morris and Dyson, 2001; Helt and Galloway, 2003) . Our data indicate that the region spanning aa 245-353 of Tax was important for this interaction. Within this Cterminal region of Tax, we observed two potential motifs that could be utilized for the Rb/Tax association, the LXCXE-like motif and the more recently described PENF homology motif. DNA oncogenic viral proteins, as well as many cellular proteins, have been shown to bind to Rb through a conserved LXCXE motif. In addition, many viral oncoproteins also contain a stretch of acidic amino-acid residues following the LXCXE motif. A similar stretch of acidic amino-acid residues (aa 323-332) following the LXCXE-like motif was also found in Tax. While the LXCXE-like motif in Tax (aa 307-311: LLFEE) does not contain the conserved cysteine residue, there are other Rb-binding proteins where this motif is not entirely conserved. For example, HCMV pp71 has an LXCXD motif , while protein phosphatase I contains an LXSXE motif (Dunaief et al., 2002) . Importantly, mutation of the LXCXE-like motif within Tax resulted in reduced binding in vitro and was able to rescue Rb protein levels in vivo. While the aforementioned results are significant, the mutation of the LXCXE-like motif did not result in 100% disruption of the interaction of Tax with Rb. Therefore, it is possible that more than one area of interaction is necessary for Rb/Tax association in vivo.
Another possible area of interaction is the PENF homology motif that has been recently identified in proteins that bind to Rb (Darnell et al., 2003) . This motif was shown to be present in many proteins that also contain an LXCXE sequence, but bind to Rb independent of the LXCXE sequence, such as BRCA1 (Fan et al., 2001) . Tax also contains a potential PENF homology motif at aa 277-308. This region partially overlaps aa 245-288, which were shown to be significant from our in vitro binding assays. A number of proteins containing the PENF homology motif, such as c-Abl and cyclin D, are able to bind to the C-terminus of Rb (Welch and Wang, 1993; Pan et al., 2001) . Similarly, we have observed Tax binding to the C-terminus of GSTRb. While mutation of this PENF motif within Tax did not alter binding to Rb, it is possible that Tax utilizes another PENF homology motif to facilitate binding to the C-terminus of Rb. Indeed, when examining sequences further upstream of the initial PENF homology motif, we discovered a second motif, located at aa 252-283. The utilization of both the LXCXE-like motif and this second PENF homology motif by Tax could be comparable to the conserved region 1 (CR1) and CR2 domains of E1A, where the LXCXE motif in CR2 is thought to anchor E1A to Rb (Egan et al., 1988; Whyte et al., 1989) allowing CR1 to bind and disrupt E2F binding (Dyson et al., 1992; Fattaey et al., 1993) . Likewise, the C-terminus (Patrick et al., 1994) and CR2 domain (Chellappan et al., 1992) of E7 associate with Rb, contributing different roles that are analogous to CR1 and CR2 of E1A, respectively. However, with regard to the destabilization of Rb by E7, the C-terminal domain has not been shown to be directly involved (Gonzalez et al., 2001) . Instead, reduction of Rb was shown to be highly dependent on the LXCXE motif (Jones et al., 1997) . Therefore, our data indicate that Tax associates with Rb at several distinct points in a manner similar to that seen with E7 and E1A. Further studies are in progress to determine if the second potential PENF homology motif either alone or in combination with the LXCXE-like motif is important for Rb/Tax interaction.
Protein degradation is a well-regulated process that is important in maintaining appropriate levels of protein expression, antigen presentation, and activating precursor proteins. This process is altered in many cancers, as evidenced by a number of tumor suppressor genes and proto-oncogenes that are regulated by the proteasome (Pajonk and McBride, 2001) . It has been suggested that Tax targets the NF-kB negative regulator, IkBa, to the proteasome for degradation via a phosphorylation/ ubiquitin-independent pathway (Petropoulos and Hiscott, 1998) . Consistent with this observation, we hypothesize that Tax targets Rb for proteasomal degradation in a phosphorylation/ubiquitin-independent pathway. We did not detect phosphorylated nor ubiquitinated forms of Rb after synthesis within the TNT system using rabbit reticulocyte lysates, suggesting that these modifications were not necessary for Tax association or degradation of Rb in vitro. We have also consistently observed lower levels of the hypophosphorylated form of Rb in infected cells. Tax association with Rb could allow for efficient proteolysis, while smaller viral proteins such as E7 from HPV may need the addition of ubiquitin to disrupt higher order structure to permit Rb to fit within the narrow cavity of the proteasome catalytic core. Based on these observations, we present a model, as shown in Figure 8 , where Tax acts as a molecular bridge to bring Rb into contact with the proteasome. As has been previously published (Hemelaar et al., 2001) , the proteasome interacts with the C-terminus of Tax, while the hypophosphorylated form of Rb binds to the Nterminus of Tax, more specifically through the LXCXElike motif (Figure 8a ). This dual binding allows Tax to bring hypophosphorylated Rb into contact with the proteasome, resulting in the degradation of Rb (Figure 8b ). Increased cellular progression is achieved because the E2F family of transcription factors is no longer inhibited by hypophosphorylated Rb.
Due to the impact of the proteasome pathway on cancer biology, proteasome inhibitors have been examined in clinical trials as part of anticancer therapies due to their ability to inhibit tumor growth and demonstrated antiangiogenic properties (Lenz, 2003) . These compounds target the activity of the proteolytic core subunit resulting in the accumulation of ubiquitinated proteins at 10 mM concentration. ALLN (N-acetyl-leuleu-norleucinal), PSI (cbz-ile-glu-(O-t-Bu)-ala-leucinal), and MG-132 (z-leu-leu-leucinal) are peptide aldehydes that interact reversibly with the catalytic threonine residues of the proteasome to inhibit its chymotrypsinlike activity (Almond and Cohen, 2002) . Only treatment of HTLV-I-infected cells by MG-132 initially resulted in the increase of Rb protein levels at 6 h. This may be partly due to the fact that ALLN is effective at inhibiting the 26S proteasome, but only at significantly higher concentrations than MG-132, which is a potent inhibitor at lower concentrations (Vinitsky et al., 1992; Rock et al., 1994) .
Interestingly, we also observed that prolonged exposure of infected cells to MG-132 at 1 mM concentration resulted in the activation of the apoptotic pathway, as evidenced by the cleavage of PARP and the loss of Rb and Tax at 48 h and actin by 96 h (Figure 7b-d) . Proteasome inhibitors have been shown to induce apoptosis in most tumor cell lines tested (Pajonk and McBride, 2001 ). However, increased Rb levels should inhibit E2F-dependent transcription (Sellers et al., 1995; Weintraub et al., 1995) and subsequently block cell cycle progression and apoptosis (Nevins, 2001) . There is increasing evidence that Tax disrupts a number of checkpoints at S and G 2 /M phases of the cell cycle (Iha et al., 2000; Haoudi et al., 2003; Liu et al., 2003) ; hence, when cells encounter cellular stress at these phases, they readily apoptose (de la . Therefore, even in the presence of increased Rb levels, apoptosis in Tax-expressing cells may occur due to loss of checkpoint control and inappropriate entry into the next phase of the cell cycle. Additionally, MG-132 has been shown to stimulate the caspase pathway by two mechanisms: first, by increasing expression of Apo2L/TRAIL death receptor (DR) 5, augmenting the activation of the caspase 8 cascade (He et al., 2003) ; and second, through the reduction of cIAP-1 and -2 expression, which are inhibitors of caspase 3 (Takahashi et al., 1998; Ruemmele et al., 2002) . Therefore, the apoptosis that Figure 8 Tax binds to Rb and targets it for proteolytic degradation. (a) Sites of Tax interaction with both the proteasome and Rb. The proteasome interaction site has previously been published (Hemelaar et al., 2001) . The Rb interaction site is based on binding assays shown in Figure 4b . (b) Model of Tax-dependent Rb degradation. Tax binds preferentially to the hypophosphorylated (active) form of Rb. Due to the ability of Tax to also interact with the 26S proteasome, Tax can act as a molecular bridge, bringing Rb to the proteasome for degradation. The degradation of hypophosphorylated Rb would result in increased cellular progression and a possible loss of the G1/S checkpoint we observed may be predominantly S-and G 2 /M-phaserelated resulting from the lack of checkpoint control and increased caspase 3 activity. More importantly, apoptosis was observed in infected cells treated with MG-132 with decreased HTLV-I virion release (data not shown). Future experiments will determine if decreased Tax levels contribute to decreased virion production. Finally, few therapies for ATL patients have proven to be universally effective. With the implementation of the proteasome inhibitors as seen for chemotherapy treatment of relapsed or refractory large B-cell lymphomas, use of these peptide-like drugs may prove to be a promising option for the treatment of ATL.
Materials and methods
Cell culture
C8166 (C81), MT-2, and C91/PL are HTLV-I-infected T lymphocytes. CEM (12D7), H9, and Jurkat are uninfected T lymphocytes. Cells were grown in RPMI 1640 (Quality Biological Inc.) containing 10% fetal bovine serum (FBS), 1% L-glutamine, and 1% streptomycin/penicillin in a 5% CO 2 incubator at 371C.
Patient samples
Informed consent was obtained from all patients. Briefly, heparinized blood was obtained from HTLV-I-positive (Boul is from a HAM/TSP patient and Champ is from an ATL patient) and HTLV-2-positive patients (Pyg220 is from an asymptomatic human pygmy). PBMCs were separated, put in culture, and maintained in a humidified 5% CO 2 atmosphere with biweekly changes of RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 10% IL-2, 1% L-glutamine, and 1% penicillin/streptomycin. During the first 3 days, the cells were stimulated with phytohemagglutinin at 2 mg/10 6 cells. Continuous IL-2-dependent cell lines were obtained. Next, 10 6 cells were lysed in TNN buffer (50 mM Tris-HCl (pH 7.4), 120 mM NaCl, 5 mM EDTA, 0.5% NP-40, 50 mM NaF, 0.2 mM Na 3 VO 4 , 1 mM DTT, 1 mM PMSF, and 20 mg of aprotinin per ml) and debris was removed by centrifugation. A 40 mg portion of total cellular protein was separated in an SDS 4-20% Trisglycine polyacrylamide gel and Western blotted for Rb and btubulin. Ex vivo ATL patient samples, PH878, PH888, and PH961, were lysed immediately, electrophoresed, and Western blotted for Rb and b-tubulin.
Size-exclusion chromatography
Whole-cell lysates (6 mg) from CEM and C81 cells were separated by gel filtration on an AKTA Purifier system (Amersham Biosciences Inc.) using a Sepharose 6HR 10/30 column. Samples were eluted in Buffer D (20 mM HEPES (pH 7.9), 0.05 M KCl, 0.2 mM EDTA, 0.5 mM PMSF, 0.05 M DTT, and 20% glycerol) at a flow rate of 0.150 ml/min. Eluates were monitored by absorbency at 280 nm. Fractions (500 mg) were collected at 0.5 ml in individual tubes. Fractions 25-31 were then TCA precipitated, separated on a 4-20% Tris-glycine gel for SDS-PAGE, and Western blotted for Rb expression. Standard molecular weights (aldolase, catalase, ferritin, thyroglobulin, and Blue Dextran 2000, from Amersham Biosciences Inc.) were applied to the column and run under similar conditions to calculate the size and range of each fraction.
Plasmids
GST-Rb and GST-Tax were obtained from published sources. The GST-Rb plasmids (Zarkowska and Mittnacht, 1997) include full-length GST-Rb (1-928), , , , and GST-Rb B pocket (646-768). GST-Tax constructs (Jiang et al., 1999) included full-length GST-Tax (1-353), , , , , and . Tax mutants pBC12 Tax M44 and M41 (Smith and Greene, 1990) were subcloned into the pCR3.1 vector using the Eukaryotic TA Expression Kit (Invitrogen). Full-length Tax was amplified by PCR using a forward primer 5 0 -CACCATGGCCCATTCCCA-3 0 and reverse primer 5 0 -TCAGACTTCTGTTTCTCGGA-3 0 and ligated into the pCR3.1 vector according to the manufacturer's instructions.
Cell extract preparations and immunoblotting
Cells were centrifuged at 41C and cell pellets were washed twice with Dulbecco's phosphate-buffered saline without calcium or magnesium (D-PBS without Ca 2 þ /Mg 2 þ ). Whole-cell lysates were prepared and used for immunoblotting as previously described (Santiago et al., 1999) . Anti-Rb (C-15) and anti-actin (C-11) antibodies from Santa Cruz were used for immunoblotting. Anti-Tax polyclonal rabbit antibody was a kind gift from Dr Scott Gitlin.
RNase protection assay
Total RNA was isolated using RNA-Bee (Tel-Test Inc.) according to the manufacturer's instructions. The RiboQuant TM Multi-Probe RNase Protection Assay (PharMingen) was performed utilizing the RPA human tumor suppressor multiprobe template set (PharMingen cat. no. 556161) according to the manufacturer's recommendations. Samples were dried, loaded on a 6% Tris-borate-EDTA-urea gel (Invitrogen), and run at a constant current of 180 V for 50 min. Gels were subsequently dried and placed on a PhosphorImager cassette for overnight exposure.
GST pulldown assays
GST-tagged proteins were purified as described previously (Kashanchi et al., 1996) and amounts were normalized to allow for quantitative comparison. GST-Tax (1 mg), GST-Tax 151-353 (1 mg), or GST (5 mg) proteins were added to 2 mg of protein extracts from CEM cells and rotated overnight at 41C. The next day, complexes were washed twice with TNE 150 þ 1% NP-40 (10 mM DTT) and once with TNE 50 þ 0.1% NP-40 (10 mM DTT). Complexes were run on 4-20% Tris-glycine gel. Western blots were performed with mouse monoclonal antibody to the 20S proteasome subunit a2 (HC3), from Affiniti, as described above.
TNT-binding assays
35 S-labeled Rb and Tax proteins were produced using the TNT Coupled Reticulocyte Lysate System (Promega) according to the manufacturer's protocol. pET-Tax and pSG5L HA-Rb (a kind gift from Dr William Sellers, Harvard Medical School; Sellers et al. 1998) were used to produce the 35 S-labeled proteins. To confirm synthesis, proteins were separated by SDS-PAGE on a 4-20% Tris-glycine polyacrylamide gel. The gels were dried and exposed to a PhosphorImager cassette. Binding assays included GST-Rb constructs (0.5 mg), GST-Tax constructs (1 mg), GST-CBP (5 mg), or GST (5 mg)
Degradation of Rb by HTLV-I Tax K Kehn et al (concentration determined by Coomassie blue staining) and 5 ml of TNT reactions and were carried out at 41C overnight. In the case of GST-Tax and GST-Tax truncations, all binding buffers and wash buffers contained 10 mM DTT. The next day, complexes were washed twice with TNE 600 þ 1.0% NP-40, once with TNE 150 þ 0.1% NP-40, and once with TNE 50 þ 0.1% NP-40. Complexes were separated on a 4-20% Tris-glycine gel by SDS-PAGE. The gel was dried and exposed to a PhosphorImager cassette.
In vitro proteasome degradation of Rb TNT-Rb was purified using a Sepharose G-50 column to remove free 35 S-Met/Cys and amino acids (Sambrook and Russell, 2001) . Immunoprecipitations were performed as described above. Briefly, 1 mg of fresh C81 protein extract and 3 mg of a-HC3 antibody (Affiniti Reseach Products Ltd.) were used for each immunoprecipitation, as previously described (Santiago et al., 1999) . Immune complexes were washed twice in TNE 150 þ 0.1% NP-40 and twice in proteasome peptidase assay buffer (50 mM Tris-HCl (pH 7.5) with 5 mM MgCl 2 ). After washes were complete, 35 S-labeled-Rb (1.5 ml) was added to each aliquot. MG-132 and ALLN proteasome inhibitors (Calbiochem) were diluted in DMSO and added to their respective samples at a final concentration of 1 mM. Additionally, 20 ml of proteasome peptidase assay buffer plus 2 mM ATP and 1 mM DTT was added to the final reaction. The solutions were incubated at 371C for 1 h. The samples were analysed by SDS-PAGE on a 4-20% Trisglycine polyacrylamide gel. The gel was stained with Coomassie blue, dried, and exposed to a PhosphorImager cassette for analysis.
